Abstract: Quantum capacitance (QC) is a very important character of the graphene cathode in lithium ion capacitors (LIC), which is a novel kind of electrochemical energy conversion and storage device. However, the QC electronic origin of the graphene cathode, which will affect the electrochemical reaction at the electrode/electrolyte interface, is still unclear. In this article, the QC of various kinds of graphene cathode is investigated systematically by DFT calculation. It was found that the value and origin of QC strongly depend on the defects and alien atoms of graphene. Graphene with pentagon defects possesses a higher QC than pristine graphene due to the contribution from the electronic states localized at the carbon pentagon. The introduction of graphitic B can contribute to QC, while graphitic N and P does not work in the voltage range of the LIC cathode. Single vacant defect graphene and pyrrolic N-doped graphene demonstrate very high QC due to the presence of states associated with the σ orbital of unbonded carbon atoms. However, pyridinic graphene shows an even higher QC because of the states from the N atom. For the residual O in graphene, its QC mainly originated from the p z states of carbon atoms and the effect of O, especially the O in bridged oxygen functional group (-COC-), is very limited. These results provide new insight into further study of the catalytic behavior and the design of a high performance graphene cathode for LIC.
Introduction
Lithium ion capacitor (LIC) is a kind of hybrid electrochemical energy conversion and storage device typically consisting of a capacitive cathode and an intercalated anode. The capacitive cathode can bring excellent rate performance, while the intercalated anode enhances its capacity. Therefore, LICs possess high power and high energy density simultaneously and can fill the gap between the lithium ion battery and a supercapacitor. Activated carbon is used as the cathode [1] , while the negative electrode is mainly composed of graphite [2] [3] [4] [5] , hard carbon [6, 7] , lithium titanate [8] , etc. A capacitive cathode uses ion adsorption to store energy. The larger specific surface area means higher specific capacity and higher energy density. At the same time, the electronic conductivity of the electrode should be high to suppress the ohmic resistance when the LIC is charged/discharged at a high current rate. Therefore, the capacitive cathode of the LIC should possesses both a high specific surface area and good electronic conductivity simultaneously. Recently, graphene has also been used as an effective novel cathode for its particularly large specific area and high electronic conductivity [9] [10] [11] [12] [13] .
As for the electrical double layer formed at the interface of the graphene/electrolyte, the total capacitance, C tot , can be theoretically divided into two parts, the capacitance from graphene (C graphene ) and the capacitance from the electrolyte(C Electrolyte ), with the following relationship:
1/C tot = 1/C graphene + 1/C Electrolyte (1) Here, C graphene represents the capacitance of single layered graphene. C electrolyte combines the Helmholtz capacitance and the diffuse capacitance. However, since the electrolyte concentration in commercial LIC is usually high (~1 mol/L), the diffuse capacitance can be excluded.
It is well known that the C graphene of pristine graphene is limited by the density of states (DOS) of graphene near the Fermi level, which is extremely low compared with that of metallic materials [14] . In fact, the DOS of single layered pristine graphene at the Fermi level is zero. Therefore, the capacitance is limited by DOS and is called quantum capacitance (QC), which is smaller than C Electrolyte . The QC of pristine graphene has been investigated widely by experimental and theoretical calculations [15] [16] [17] [18] [19] . It is generally accepted that QC shows a V-like shape near the zero point potential with a value less than 10 µF/cm 2 , depending on the applied voltage range [15, 17] . Thus, according to Equation (1) , the enhancement of C tot is limited by C graphene . Consequently, pristine graphene is rarely introduced as a cathode in LICs. On the other hand, modified graphene materials, such as activated graphene [10] , reduced graphene [9, 12, 20, 21] , and graphene networks [5, 11, 22] , which are abundant in defects and alien atoms, are widely used.
According to the number of missing carbon atoms in graphene, there are many types of defects [23] , which are shown in Figure 1 . The Stone-Wales (SW) defect, in which four carbon hexagons become two pentagons and two heptagons (55-77), is the simplest case because no carbon atom is lost. When one carbon atom is lost, D1 defected graphene is formed. Due to the Jahn-Teller distortion, a new C-C bond will be formed and hence a pentagon and nonagon (5-9) will be present [24, 25] . The topological structure is complex for D2 type defected graphene, in which two carbon atoms are lost. It is known that there are at least three kinds of D2 structures, 5-8-5 (D2_I), 555-777 (D2_II) and 5555-6-7777 (D2_III), whose formation energy follows the order of D2_I > D2_III > D2_II [25] . When more carbon atoms are lost, the defects can be viewed as combinations of the point defects discussed above. Other than defects, doping is also used to tailor the electronic structure of graphene. Alien atoms in these modified graphene cathodes are mostly N, because N has a similar size as the carbon atom and is easy to be introduced into the graphene lattice through various experiments. According to the C-N bonding type, there are three kinds of N in graphene: graphitic N (bonding with three C atoms in hexagon), pyrrolic N (bonding with two C atoms in pentagon) and pyridinic N (bonding with two C atoms in hexagon). At the same time, B and P atoms are also introduced in the graphene lattice. Experimental methods employed to introduce N, P and B atoms consist of pyrolysis, thermal annealing, hydrothermal and chemical vapor deposition (CVD), which have been reviewed in [26] [27] [28] . O atoms can also be found in reduced graphene oxide (rGO) due to its graphene oxide (GO) precursor.
Up to now, the QC of graphene with various structural defects [9, [29] [30] [31] [32] and alien doping atom [33] [34] [35] [36] [37] has been investigated in the voltage range of supercapacitors. Based on the calculation results, the QC of modified graphene strongly depends on the applied voltage range. In contrast to the supercapacitor, the bias voltage range of the graphene cathode in LICs is about 0-1.0 V [38, 39] , because the whole work voltage window of LICs is about 3.0-4.0 V (vs Li + /Li) or even higher. In this voltage range, we still lack a deep understanding of the required structural information of graphene for its application. Also, the effect of P, B and residual O elements on the QC of the graphene cathode is rarely investigated. The origin of the QC of those kinds of graphene materials in the voltage of the LIC cathode is still not clear. Irreversible electrolyte oxidation will be caused by the catalytic effect of carbon materials [40, 41] , and hence the cycle life will get worse. Higher QC may enhance the activity of the graphene cathode toward electrolyte decomposition because of the higher DOS near the Fermi level. Hence, it is very important to illustrate the electron origin of QC because it is closely related to the catalytic behavior of the graphene cathode in LIC.
To explore the surface structure and the corresponding electronic structure to promote the QC behavior of graphene materials in this voltage range, graphene with various point defects and N, P, B, O atoms were investigated by DFT calculations in this work. Firstly, graphene with the SW, D2 defect and graphitic N, P and B was studied because their bands with a high π character contribute to QC when graphene-based LIC is charged. Then the QC of the D1-defected graphene and graphene with pyrrolic N and pyridinic N were investigated to assess the effect of the bands associated with localized σ states. Finally, the effect of the residual O in the graphene was also evaluated. The results clearly illustrate the origin of graphene QC for the cathode in LIC. It is expected that the theoretical results may facilitate the design of high QC graphene materials by modifying the structure and surface chemistry. B, O atoms were investigated by DFT calculations in this work. Firstly, graphene with the SW, D2 defect and graphitic N, P and B was studied because their bands with a high π character contribute to QC when graphene-based LIC is charged. Then the QC of the D1-defected graphene and graphene with pyrrolic N and pyridinic N were investigated to assess the effect of the bands associated with localized σ states. Finally, the effect of the residual O in the graphene was also evaluated. The results clearly illustrate the origin of graphene QC for the cathode in LIC. It is expected that the theoretical results may facilitate the design of high QC graphene materials by modifying the structure and surface chemistry. 
Results and Discussion

Point Defects
The QC and the excessive surface charge density (ESCD) of pristine and SW, D2 defected graphene are shown in Figure 2a ,b, respectively. As shown in Figure 2a , the QC of pristine graphene, which increases with voltage, reaches about 18(9.9) μF/cm 2 at the voltage of 1.0(0.6) V. It can be attributed to the shape of its DOS profile in the energy range between -1 eV and the Fermi level shown in Figure 3a . Since the QC is calculated based on the fixed-band approximation, the shape of the QC plot follows that of the corresponding DOS profile. At the same time, its ESCD also increases with voltage monotonously and the peak value of 9.0(3.3) μC/cm 2 can be found when voltage reaches 1.0(0.6) V. The result here is very close to previous reports [29, 30, 34] . The behavior of SW defected graphene is very similar to pristine graphene when voltage is below 0.6 V. Hence there is no obvious difference that can be found in the ESCD. However, when the voltage further increases, the QC of SW defected graphene becomes higher, and hence the ESCD increases accordingly. D2-I defected graphene also follows the situation of the pristine graphene when the voltage is lower, although the QC becomes smaller than that of pristine graphene when the voltage is higher than 0.7 V. Therefore, only minor differences in QC can be found among pristine, SW and D2-I defected graphene, other than very minor variations when the voltage is near 1.0 V. However, when it comes to the other two kinds of D2 defected graphene (D2_II and D2_III), the situation is totally different. 
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The QC and the excessive surface charge density (ESCD) of pristine and SW, D2 defected graphene are shown in Figure 2a ,b, respectively. As shown in Figure 2a , the QC of pristine graphene, which increases with voltage, reaches about 18(9.9) µF/cm 2 at the voltage of 1.0(0.6) V. It can be attributed to the shape of its DOS profile in the energy range between -1 eV and the Fermi level shown in Figure 3a . Since the QC is calculated based on the fixed-band approximation, the shape of the QC plot follows that of the corresponding DOS profile. At the same time, its ESCD also increases with voltage monotonously and the peak value of 9.0(3.3) µC/cm 2 can be found when voltage reaches 1.0(0.6) V. The result here is very close to previous reports [29, 30, 34] . The behavior of SW defected graphene is very similar to pristine graphene when voltage is below 0.6 V. Hence there is no obvious difference that can be found in the ESCD. However, when the voltage further increases, the QC of SW defected graphene becomes higher, and hence the ESCD increases accordingly. D2-I defected graphene also follows the situation of the pristine graphene when the voltage is lower, although the QC becomes smaller than that of pristine graphene when the voltage is higher than 0.7 V. Therefore, only minor differences in QC can be found among pristine, SW and D2-I defected graphene, other than very minor variations when the voltage is near 1.0 V. However, when it comes to the other two kinds of D2 defected graphene (D2_II and D2_III), the situation is totally different. Unlike the cases of pristine, SW and D2_I defected graphene, where the QC increases in a linear fashion, the QC of D2_II and D2_III defected graphene shows multiple peaks and fluctuates following the increase of voltage. This phenomenon can also be attributed to their fluctuating DOS profile, which will be shown in Figure 3d ,e. The QC of the D2_II and D2_III peak at 48.09 μF/cm 2 and 41.93 μF/cm 2 when voltage is 0.84 and 1.0 V, respectively. Although their QC is lower than that of pristine graphene in a certain voltage range, the ESCD of D2_II and D2_III defected graphene is much higher, being 24.77 and 15.30 μC /cm 2 when the voltage reaches 1.0 V. Therefore, in order to improve the energy storage ability of LIC, the D2_II and D2_III type defect should be favored in the graphene cathode.
The QC can be attributed to the DOS near the Fermi level of different kinds of graphene. In order to illustrate the difference in QC behavior, the band structure, DOS and band-decomposed charge density (BDCD, 1.0 eV below the Fermi level) are shown in Figure 3 . When graphene is used as the cathode of LIC, the electron must be extracted from the cathode when the LIC is charged. Thus, the available electron states under the Fermi level determine the energy storage ability of the electrode. SW and D2_I defected graphene showe almost the same DOS as pristine graphene in energy range between -1.0 eV and the Fermi level. Thus the QC behavior of the three kinds of graphene are nearly identical. However, due to the increase of available states shown in the DOS of D2_II ( Figure 3d ) and D2_III ( Figure 3e ) defected graphene, their QC are much higher than that of the first three kinds of graphene. The band gap can be found in D2_II and D2_III defected graphene, and hence their QC fluctuates with voltage. At the same time, the electronic states of D2_II and D2_III defected graphene are much higher than that of the previous kinds of graphene, so their QC are much higher.
The origin of the QC is another interesting issue, especially for the D2_II and D2_III defected graphene. From the BDCD, it can be seen that the bands associated with the pz orbital contribute to the QC, regardless of the types of graphene. Due to the delocalization effect, the electron density of the pristine graphene was very small. When the electrode is charged, electrons are extracted from each carbon atom uniformly. However, the presence of a point defect affects the electron distribution. As reflected in Figure 3b ,c, it is the states that mainly localize at the carbon atoms around the defect region that contribute to the QC. These states are derived from the pz orbital of carbon atoms. As for the SW defect, the electron density of the carbon atoms in pentagons and in their equivalent positions in the sub-lattice is higher than other atoms, and hence the states localized at those carbon atoms contribute mostly to the QC. The same situation can also be found in graphene with D2 defects. D2_II and D2_III showed different electron densities, as shown in Figure 3d ,e. This is because the number of bands of D2_III defected graphene between -1.0 eV and the Fermi level is smaller than that of D2_II, due to the difference in topological structure. The BDCD of each band of D2_II and D2_III in this energy range is shown in Figure S1 and S2, respectively. Each band shows a different BDCD. Bands mostly localized on pentagons and on certain carbon atoms in pentagons can both be found in D2_II. Thus, the electron density of carbon pentagons of D2_II defected graphene was much higher in this Unlike the cases of pristine, SW and D2_I defected graphene, where the QC increases in a linear fashion, the QC of D2_II and D2_III defected graphene shows multiple peaks and fluctuates following the increase of voltage. This phenomenon can also be attributed to their fluctuating DOS profile, which will be shown in Figure 3d ,e. The QC of the D2_II and D2_III peak at 48.09 µF/cm 2 and 41.93 µF/cm 2 when voltage is 0.84 and 1.0 V, respectively. Although their QC is lower than that of pristine graphene in a certain voltage range, the ESCD of D2_II and D2_III defected graphene is much higher, being 24.77 and 15.30 µC /cm 2 when the voltage reaches 1.0 V. Therefore, in order to improve the energy storage ability of LIC, the D2_II and D2_III type defect should be favored in the graphene cathode.
The QC can be attributed to the DOS near the Fermi level of different kinds of graphene. In order to illustrate the difference in QC behavior, the band structure, DOS and band-decomposed charge density (BDCD, 1.0 eV below the Fermi level) are shown in Figure 3 . When graphene is used as the cathode of LIC, the electron must be extracted from the cathode when the LIC is charged. Thus, the available electron states under the Fermi level determine the energy storage ability of the electrode. SW and D2_I defected graphene showe almost the same DOS as pristine graphene in energy range between -1.0 eV and the Fermi level. Thus the QC behavior of the three kinds of graphene are nearly identical. However, due to the increase of available states shown in the DOS of D2_II (Figure 3d ) and D2_III ( Figure 3e ) defected graphene, their QC are much higher than that of the first three kinds of graphene. The band gap can be found in D2_II and D2_III defected graphene, and hence their QC fluctuates with voltage. At the same time, the electronic states of D2_II and D2_III defected graphene are much higher than that of the previous kinds of graphene, so their QC are much higher.
The origin of the QC is another interesting issue, especially for the D2_II and D2_III defected graphene. From the BDCD, it can be seen that the bands associated with the p z orbital contribute to the QC, regardless of the types of graphene. Due to the delocalization effect, the electron density of the pristine graphene was very small. When the electrode is charged, electrons are extracted from each carbon atom uniformly. However, the presence of a point defect affects the electron distribution. As reflected in Figure 3b ,c, it is the states that mainly localize at the carbon atoms around the defect region that contribute to the QC. These states are derived from the p z orbital of carbon atoms. As for the SW defect, the electron density of the carbon atoms in pentagons and in their equivalent positions in the sub-lattice is higher than other atoms, and hence the states localized at those carbon atoms contribute mostly to the QC. The same situation can also be found in graphene with D2 defects. D2_II and D2_III showed different electron densities, as shown in Figure 3d ,e. This is because the number of bands of D2_III defected graphene between -1.0 eV and the Fermi level is smaller than that of D2_II, due to the difference in topological structure. The BDCD of each band of D2_II and D2_III in this energy range is shown in Figure S1 and S2, respectively. Each band shows a different BDCD. Bands mostly localized on pentagons and on certain carbon atoms in pentagons can both be found in D2_II.
Thus, the electron density of carbon pentagons of D2_II defected graphene was much higher in this energy range. However, only one band mostly localized on a certain carbon atom and a very small part of the band mostly localized on pentagon can be found in D2_III. Therefore, D2_III possesses less electron density than D2_II and the electron density is more localized on certain carbon atoms. part of the band mostly localized on pentagon can be found in D2_III. Therefore, D2_III possesses less electron density than D2_II and the electron density is more localized on certain carbon atoms. 
Doped Graphene
Here, N, P and B are introduced to replace the carbon atom in pristine graphene and the QC behavior is investigated. As shown in Figure 4 , there is an obvious difference in the QC of doped graphene. When the voltage is low (for example, below 0.3 V), the QC of all three kinds of doped graphene is higher than that of the pristine graphene. However, when the voltage increases, the N and P-doped graphene show lower QC compared to the B-doped and pristine graphene. The QC of B-doped graphene is the highest. Since N and P are n-type donators, the Fermi level of the system positively shift, while the whole DOS profile is similar to that of pristine graphene. Therefore, the QC profile of N-and P-doped graphene is the nearly same as that of pristine graphene in shape, but with a positively shifted minimum. The ESCD also follow a similar pattern. When the voltage is below 0.7 V, all three doped graphenes show a higher ESCD. However, when the voltage is above 0.7 V, the N-and P-doped graphene show worse performance (less than 6 µC/cm 2 ) compared to pristine graphene (9.0 µC/cm 2 ), while B-doped graphene can have an ESCD over 23 µC/cm 2 . Therefore, B-doped graphene is a very good candidate for a LIC cathode, while the N-and P-doped graphene can only be used under low voltage conditions (below 0.3 V).
Catalysts
Here, N, P and B are introduced to replace the carbon atom in pristine graphene and the QC behavior is investigated. As shown in Figure 4 , there is an obvious difference in the QC of doped graphene. When the voltage is low (for example, below 0.3 V), the QC of all three kinds of doped graphene is higher than that of the pristine graphene. However, when the voltage increases, the N and P-doped graphene show lower QC compared to the B-doped and pristine graphene. The QC of B-doped graphene is the highest. Since N and P are n-type donators, the Fermi level of the system positively shift, while the whole DOS profile is similar to that of pristine graphene. Therefore, the QC profile of N-and P-doped graphene is the nearly same as that of pristine graphene in shape, but with a positively shifted minimum. The ESCD also follow a similar pattern. When the voltage is below 0.7 V, all three doped graphenes show a higher ESCD. However, when the voltage is above 0.7 V, the Nand P-doped graphene show worse performance (less than 6 μC/cm 2 ) compared to pristine graphene (9.0 μC/cm 2 ), while B-doped graphene can have an ESCD over 23 μC/cm 2 . Therefore, B-doped graphene is a very good candidate for a LIC cathode, while the N-and P-doped graphene can only be used under low voltage conditions (below 0.3 V). The band structure, DOS and BDCD of doped graphene are shown in Figure 5 . For N-and Pdoped graphene, the Fermi level shift up into the conduction band due to the electron donation by the N and P atom, as shown in Figure 5a ,b. Hence the QC of these two graphenes are much higher in the low voltage range (below 0.3 V) because their DOS are higher when energy is below 0.3 eV. However, their DOS decrease when the energy decrease. Therefore, the QC become smaller than that of the pristine graphene (above 0.3 V). Although their DOS increase after the minimum, the QC of the N-and P-doped graphene is still lower than that of the pristine graphene in the voltage range between 0 and 1.0 V. The results are different for B-doped graphene. As B is an electron acceptor, the Fermi level of B-doped graphene shift downward into the valence band of graphene. Thus, a higher DOS can be found in the energy range between the Fermi level and −1.0 eV. Hence the QC and ESCD of B-doped graphene are much higher than that of pristine graphene. Therefore, for an LIC cathode in which the electron is extracted when it is charged, an electron-accepting dopant is highly favored.
From the BDCD shown in Figure 5 , it can be seen that the band with a high pz character contributes to the QC of these three kinds of doped graphene, which follow the case of defected graphene. For the N-and B-doped graphene, this is the state caused by the alien atom and the carbon atoms connecting to the alien atom and their equivalent in the same sublattice. However, the P atom seldom has an effect on the voltage range of LIC. The split DOS of the N, P and B atom in doped graphene shown in Figure S3 also supports this result. The band structure, DOS and BDCD of doped graphene are shown in Figure 5 . For N-and P-doped graphene, the Fermi level shift up into the conduction band due to the electron donation by the N and P atom, as shown in Figure 5a ,b. Hence the QC of these two graphenes are much higher in the low voltage range (below 0.3 V) because their DOS are higher when energy is below 0.3 eV. However, their DOS decrease when the energy decrease. Therefore, the QC become smaller than that of the pristine graphene (above 0.3 V). Although their DOS increase after the minimum, the QC of the N-and P-doped graphene is still lower than that of the pristine graphene in the voltage range between 0 and 1.0 V. The results are different for B-doped graphene. As B is an electron acceptor, the Fermi level of B-doped graphene shift downward into the valence band of graphene. Thus, a higher DOS can be found in the energy range between the Fermi level and −1.0 eV. Hence the QC and ESCD of B-doped graphene are much higher than that of pristine graphene. Therefore, for an LIC cathode in which the electron is extracted when it is charged, an electron-accepting dopant is highly favored.
From the BDCD shown in Figure 5 , it can be seen that the band with a high p z character contributes to the QC of these three kinds of doped graphene, which follow the case of defected graphene. For the N-and B-doped graphene, this is the state caused by the alien atom and the carbon atoms connecting to the alien atom and their equivalent in the same sublattice. However, the P atom seldom has an effect on the voltage range of LIC. The split DOS of the N, P and B atom in doped graphene shown in Figure S3 also supports this result. 
Unbonded Atoms
As mentioned above, an unbonded atom is present in D1 defected graphene and graphene with pyrrolic and pyridinic N. Therefore, the σ band associated with the unbonded atoms should also affect QC.
The QC and ESCD of the three kinds of graphene are shown in Figure 6 . Compared to the pristine graphene, they all deliver much higher QC. Graphene with pyrrolic and pyridinic N even peakes at 108.6 μF/cm 2 (0.45 V) and 84.8 μF/cm 2 (1.0 V), respectively. As shown in Figure 6b , when the voltage reaches 1.0 V, the ESCD of the D1 defected graphene and graphene with pyridinic and pyrrolic N are 44.6, 53.8, 75.5 μC/cm 2 , respectively, higher than that of the pristine graphene (9.0 μC/cm 2 ). Therefore, the presence of unbonded atoms can contribute markedly to the energy storage ability. Considering that Celectrolyte is typically around 20 μF/cm 2 [15] , Cgraphene no longer limits Ctot, and it is the Celectrolyte that dominates Ctot.
The electronic structure and BDCD of graphene with unbonded atoms are shown in Figure 7 . It is found that the DOS of D1 defected graphene is very high near the Fermi level. These states mostly stem from the unbonded carbon atom, as shown in Figure S4 . In the pyrrolic N configuration, the 
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The electronic structure and BDCD of graphene with unbonded atoms are shown in Figure 7 . It is found that the DOS of D1 defected graphene is very high near the Fermi level. These states mostly stem from the unbonded carbon atom, as shown in Figure S4 . In the pyrrolic N configuration, the electronic states of the pyrrolic N atom are mainly below −2.5 eV, as shown in Figure S4 . Therefore, it cannot be effectively used in the voltage range of a LIC cathode (0-1.0 V) while the states derived from the σ orbital of unbonded carbon atom are available for energy storage. Since there are two unbonded carbon atoms in graphene with pyrrolic N, the available states are more abundant near the Fermi level. Finally, the QC of graphene with pyrrolic N is much higher than that of D1 defected graphene. In pyridinic N-doped graphene, the distinct DOS peak between −1.0 eV and the Fermi level is due primarily to the σ band localized on the N atom, as shown by the corresponding split DOS in Figure 7 and Figure S4 . However, the band associated with the σ orbital from the two unbonded carbon atoms is hard to be detected in this energy range. A C-C bond tends to form due to the fact that the distance of the two unbonded carbon atoms is the smallest compared to D1 defected graphene and graphene with pyrrolic N. electronic states of the pyrrolic N atom are mainly below −2.5 eV, as shown in Figure S4 . Therefore, it cannot be effectively used in the voltage range of a LIC cathode (0-1.0 V) while the states derived from the σ orbital of unbonded carbon atom are available for energy storage. Since there are two unbonded carbon atoms in graphene with pyrrolic N, the available states are more abundant near the Fermi level. Finally, the QC of graphene with pyrrolic N is much higher than that of D1 defected graphene. In pyridinic N-doped graphene, the distinct DOS peak between −1.0 eV and the Fermi level is due primarily to the σ band localized on the N atom, as shown by the corresponding split DOS in Figure 7 and Figure S4 . However, the band associated with the σ orbital from the two unbonded carbon atoms is hard to be detected in this energy range. A C-C bond tends to form due to the fact that the distance of the two unbonded carbon atoms is the smallest compared to D1 defected graphene and graphene with pyrrolic N. electronic states of the pyrrolic N atom are mainly below −2.5 eV, as shown in Figure S4 . Therefore, it cannot be effectively used in the voltage range of a LIC cathode (0-1.0 V) while the states derived from the σ orbital of unbonded carbon atom are available for energy storage. Since there are two unbonded carbon atoms in graphene with pyrrolic N, the available states are more abundant near the Fermi level. Finally, the QC of graphene with pyrrolic N is much higher than that of D1 defected graphene. In pyridinic N-doped graphene, the distinct DOS peak between −1.0 eV and the Fermi level is due primarily to the σ band localized on the N atom, as shown by the corresponding split DOS in Figure 7 and Figure S4 . However, the band associated with the σ orbital from the two unbonded carbon atoms is hard to be detected in this energy range. A C-C bond tends to form due to the fact that the distance of the two unbonded carbon atoms is the smallest compared to D1 defected graphene and graphene with pyrrolic N. 
Residual Oxygen
Oxygen is usually found in GO fabricated by the modified Hummer's method. After heat treatment or chemical reduction, most of the O will be removed, but there are still many residual O-containing functional groups, such as bridged oxygen (-COC-) and hydroxyl (-OH) and carbonyl (C=O) [42] . We focus on the groups located on the basal plane of rGO in this work. Therefore, C=O, which is mostly found at the edge of rGO, was not considered and only bridged oxygen (-COC-) and hydroxyl (-OH) are investigated. The QC and ESCD of rGO with -COC-and -OH are shown in Figure 8 . The QC of the two types of rGO are higher than that of pristine graphene in this figure. Therefore, the presence of both types of O have a positive effect on the energy storage ability, although the O in -COC-has a very limited effect. The QC of rGO with -OH fluctuates with increasing voltage and peaks at 29.5 µF/cm 2 , while the capacitance peak of rGO with -COC-is 21.6 µF/cm 2 . The ESCD of two kinds of rGO are 11.3 µC/cm 2 and 16.6 µC/cm 2 , respectively. Therefore, the energy storage ability of rGO with residual O atoms is similar to that of graphene with D2_III, which is still lower than D2_II defected graphene and graphene with B and unbonded atoms. 
Oxygen is usually found in GO fabricated by the modified Hummer's method. After heat treatment or chemical reduction, most of the O will be removed, but there are still many residual Ocontaining functional groups, such as bridged oxygen (-COC-) and hydroxyl (-OH) and carbonyl (C=O) [42] . We focus on the groups located on the basal plane of rGO in this work. Therefore, C=O, which is mostly found at the edge of rGO, was not considered and only bridged oxygen (-COC-) and hydroxyl (-OH) are investigated. The QC and ESCD of rGO with -COC-and -OH are shown in Figure 8 . The QC of the two types of rGO are higher than that of pristine graphene in this figure. Therefore, the presence of both types of O have a positive effect on the energy storage ability, although the O in -COC-has a very limited effect. The QC of rGO with -OH fluctuates with increasing voltage and peaks at 29.5 μF/cm 2 , while the capacitance peak of rGO with -COC-is 21.6 μF/cm 2 . The ESCD of two kinds of rGO are 11.3 μC/cm 2 and 16.6 μC/cm 2 , respectively. Therefore, the energy storage ability of rGO with residual O atoms is similar to that of graphene with D2_III, which is still lower than D2_II defected graphene and graphene with B and unbonded atoms. As shown in Figure 8 , a band gap can be seen in the electronic structure of rGO with -OH, thus its QC fluctuates with increasing voltage. The O atoms in both kinds of rGO contribute to electronic states below the Fermi level. The BDCD results show that the states of the O atom, as well as the π electron from carbon atoms, are the origin of QC. However, most of the states stemming from the O atom in the -COC-group are located below −1.0 eV. As shown in Figure 9a and Figure S5 , the partial DOS (pDOS) of O in the -COC-functional group peaks at −2.45 eV. The BDCD of O in the energy range between −3.0 eV and the Fermi level is much higher than that between the −1.0 eV and Fermi level. Therefore, the O atom in the -COC-group have no obvious positive effect on the QC and ESCD in the potential range of the LIC cathode. Only when the applied voltage is up to 2.45V, the O in the -COC-really contributes. The O in the -OH group also show similar behavior. In Figure 9b and Figure S6 , the pDOS and BDCD of O in -OH is higher than that of the O in -COC-. However, its contribution is still not fully utilized until the applied voltage is above 2.15 V.
Other than its own contribution, the presence of the O atom also affect the electron distribution of graphene. Unlike the pristine graphene, in which the states contributing to QC distribute homogeneously on each carbon atom, only the states quasi-localized on carbon atoms that are not in the sublattice of the carbon atom connecting the O contribute to QC. This is due to the fact that since the O atom form a covalent bond with the carbon atoms in the graphene lattice, the pz orbital of the carbon atoms connected to O atoms participate in this bond. However, considering that the limited effect on QC and the presence of oxygen atoms will decrease the electronic conductivity and even cause irreversible side reactions, O should be further removed before the graphene being used in LIC. Pseudocapacitance can be found in a supercapacitor with aqueous electrolyte when oxygencontaining carbon materials are used as the electrode due to their electrochemical reaction with H + . However, an aprotic solvent, such as ethylene carbonate (EC), propylene carbonate (PC), dimethyl As shown in Figure 8 , a band gap can be seen in the electronic structure of rGO with -OH, thus its QC fluctuates with increasing voltage. The O atoms in both kinds of rGO contribute to electronic states below the Fermi level. The BDCD results show that the states of the O atom, as well as the π electron from carbon atoms, are the origin of QC. However, most of the states stemming from the O atom in the -COC-group are located below −1.0 eV. As shown in Figure 9a and Figure S5 , the partial DOS (pDOS) of O in the -COC-functional group peaks at −2.45 eV. The BDCD of O in the energy range between −3.0 eV and the Fermi level is much higher than that between the −1.0 eV and Fermi level. Therefore, the O atom in the -COC-group have no obvious positive effect on the QC and ESCD in the potential range of the LIC cathode. Only when the applied voltage is up to 2.45V, the O in the -COCreally contributes. The O in the -OH group also show similar behavior. In Figure 9b and Figure S6 , the pDOS and BDCD of O in -OH is higher than that of the O in -COC-. However, its contribution is still not fully utilized until the applied voltage is above 2.15 V.
Other than its own contribution, the presence of the O atom also affect the electron distribution of graphene. Unlike the pristine graphene, in which the states contributing to QC distribute homogeneously on each carbon atom, only the states quasi-localized on carbon atoms that are not in the sublattice of the carbon atom connecting the O contribute to QC. This is due to the fact that since the O atom form a covalent bond with the carbon atoms in the graphene lattice, the p z orbital of the carbon atoms connected to O atoms participate in this bond. However, considering that the limited effect on QC and the presence of oxygen atoms will decrease the electronic conductivity and even cause irreversible side reactions, O should be further removed before the graphene being used in LIC. Pseudocapacitance can be found in a supercapacitor with aqueous electrolyte when oxygen-containing carbon materials are used as the electrode due to their electrochemical reaction with H + . However, an aprotic solvent, such as ethylene carbonate (EC), propylene carbonate (PC), dimethyl carbonate (DMC), is used in LIC electrolyte due to its high working voltage. Thus, pseudocapacitance will very seldom be found for O atoms in LIC. 
Theoretical Calculation Methods
Many studies have used the DFT method to compute the QC of graphene. Most of these are based on fixed-band approximation, in which the band structure and the DOS of graphene are assumed to be not affected by the electron extracting process [19, [30] [31] [32] [33] [34] [35] 43] . Although the result will be more accurate if the band structure variation is taken into account [44, 45] , the fixed-band approximation is still adopted here because it provides a quick response for comparison.
Q is the surface charge on the graphene, and ϕ is the applied voltage in the graphene cathode. Hence,
f(E) is the Fermi-Dirac distribution function of the electrons, and E is the relative energy with respect to the Fermi level. e is the elementary charge. According to the definition of capacitance, the derivative dQ/dφ equals the QC (CQ),
 is the excessive surface charge density when ϕ changes. The graphene electrochemical potential is shifted by eϕ when the applied bias voltage is ϕ. 
Q is the surface charge on the graphene, and φ is the applied voltage in the graphene cathode. Hence,
f(E) is the Fermi-Dirac distribution function of the electrons, and E is the relative energy with respect to the Fermi level. e is the elementary charge. According to the definition of capacitance, the derivative dQ/dϕ equals the QC (C Q ),
σ is the excessive surface charge density when φ changes. The graphene electrochemical potential is shifted by eφ when the applied bias voltage is φ.
The variation range of φ is 0-1.0 V in this calculation. DFT calculation was performed within the Perdew-Burke-Ernzerhof generalized gradient approximation (GGA-PBE), using the Vienna Ab Initio Simulation Package (VASP 5.4) [46] . The projector augmented wave (PAW) method was employed to describe the interaction between core and valence electrons [47] . The kinetic energy cutoff plane wave basis was set to be a 550 eV. 6 × 6 lateral supercell with a lattice constant of 14.796 Å, used for different kinds of graphene. A vacuum slab with a thickness of 20 Å was set above the graphene sheet. The conjugate gradient relaxation algorithm with a fixed lattice constant was used for ionic position optimization, and this relaxation process will stop when all forces are smaller than 0.01. A 5 × 5 × 1, 9 × 9 × 1, and 12 ×12 × 1 k-point mesh was used to sample the Brillouin zone for optimization, energy and DOS calculation.
Conclusions
We find that point defects and alien atoms promote the QC behavior and hence the energy storage ability of graphene cathodes in LIC. However, the results strongly depend on the detailed structures and the electron origin was different. D2_II, D2_III and B-doped graphene possess much higher QC than pristine graphene, while SW, D2_I, graphitic N and P have no obvious effect on the voltage range of 0-1.0 V. D1 defected graphene and graphene with pyrrolic, pyridine N show very high QC and their energy storage ability is greatly improved due to the presence of unbonded atoms. Therefore, these types of graphene are good candidates for LIC cathodes. The presence of O can also promote the energy storage ability of graphene cathodes in LIC. However, the enhancement is very limited.
When it comes to the real word, it is very difficult to fabricate graphene with the exact structure investigated in this paper. Many kinds of defects and dopants are present in graphene simultaneously and only certain structures dominate. For graphitic N, P and B, post-high temperature heat treatment can be used to improve their content in the graphene lattice. Graphene with pyridinic N or pyrrolic N can be obtained by carefully choosing the precursor of C and N in the CVD [48] or thermal annealing process [49] . For the point defects, the hardest work is almost tailoring their type and position in the graphene lattice. Considering that the formation energy is different, post-heat treatment may also be employed to control the point defects.
The QC origin of the graphene cathode can provide insight for further studies of its catalytic effect on electrolyte oxidation when the LIC is charged. Graphene with defects and graphitic N, and P and B dopant will be stable with electrolyte due to the relatively stable π states contributing to the QC. However, when unbonded atoms are present in the graphene, the electrolyte may be easily decomposed due to the high reactive σ states. Therefore, the D1 defected graphene and graphene with pyrrolic, pyridine N should be utilized with great care although they show excellent energy storage ability. Further profound work on this catalytic electrochemical reaction mechanism is ongoing.
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